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GLASS OPTICAL WAVEGUIDES

PASSIVATED AGAINST HYDROGEN-
INDUCED LOSS INCREASES

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of application Ser. No.
08/548,356, filed Nov. 1, 1995, a continuation-in-part of
application Ser. No. 08/217,039, filed Mar. 24, 1994.

FIELD OF THE INVENTION

This invention relates to glass optical waveguides such as
optical fibers and planar waveguides and, in particular, to
such waveguides passivated against hydrogen-induced loss
increases.

BACKGROUND OF THE INVENTION

While optical waveguides, such as optical fibers, can
carry optical signals over remarkably long distances
between repeater stations, it has been observed that such
fibers suffer long-term increases in loss, particularly for
transmission of light in the 1.55 and 1.31 micrometer
wavelength regions. One type of loss increase is attributed
to the reaction of hydrogen with defects in GeO,-doped
waveguides containing alkali impurities such as Na and Li.
Another type occurs when H, reacts at defect sites in
undoped silica areas. The rate of loss increase of the latter
type can be reduced by treating the fiber with hydrogen
during the draw process (U.S. Pat. No. 5,059,229 issued to
M. G. Blankenship et al. on Oct. 22, 1991). But this rate
reduction is obtained only at the cost of increased loss at the
outset. Such increased loss is undesirable for many high
performance applications such as long distance transmis-
sion.

Hydrogen-induced loss is particularly a problem in
erbium-doped (Er-doped) amplifier fibers. Accelerated
hydrogen aging tests have shown that Er-doped amplifier
fibers react quickly with even trace levels of H,, causing
spectrally broad loss increases that can influence signal and
pump wavelengths. See P. J. Lemaire et al., Prediction of
Long-Term Hydrogen-Induced Loss Increases in Er-Doped
Amplifier Fibers, 5 IEEE Photonics Technology Letters 214
(Febrary 1993) and P. J. Lemaire et al., Hydrogen-induced
loss increases in erbium-doped amplifier fibers: Revised
Predictions OF C Technical Digest Feb. 20-25 (1994), Paper
FF1. U.S. Pat. No. 4,685,945 to Friedemann Freund
describes a method of enhancing long-term stability in high
purity vitreous silica optical fiber by permeating deuterium
molecules into the fiber and then propagating through the
fiber high intensity light with a wavelength less than about
650 manometers. The difficulty with this process is most
useful fibers absorb heavily at such short wavelengths,
making uniform treatment difficult. Accordingly, there is a
need for improved glass waveguides passivated against
hydrogen-induced loss increases.

SUMMARY OF THE INVENTION

Applicants have discovered that glass optical waveguides
subject to hydrogen-induced loss increases can be passivated
by treating the glass with deuterium. The deuterium-treated
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glass not only exhibits a lower rate of loss increase when
later exposed to environments containing H,, but also
retains high transmission of light in the 1.55 and 1.31
micrometer wavelength regions immediately after the deu-
terium heat treatment. The method applies to Er-doped fiber,
transmission fiber and planar waveguides. Under some
circumstances, hydrogen can be substituted for deuterium.

BRIEF DESCRIPTION OF THE DRAWINGS

The advantages, nature and various additional features of
the invention will appear more fully upon consideration of
the illustrative embodiments now to be described in detail in
connection with the accompanying drawings. In the draw-
ings:

FIG. 1 is a block diagram of the steps in a preferred
method of passivating a glass optical fiber against hydrogen-
induced loss increases.

FIG. 2 is a schematic view of a passivated glass optical
fiber.

FIG. 3 is a schematic graphical illustration comparing the
absorption spectrum of deuterium passivated waveguide
with hydrogen passivated waveguide.

FIGS. 4 and § are graphical plots useful in understanding
the theory of the invention.

It is to be understood that these drawings are for purposes
of illustrating the concepts of the invention and are not to
scale.

DETAILED DESCRIPTION

This description is divided into three parts. Part I
describes the preferred method of passivation by treatment
with deuterium. Part IT describes the circumstances in which
hydrogen can be substituted for deuterium, and Part III sets
forth a theoretical physical model providing for extension of
the results described herein.

I. Deuteriwn Passivation

Essentially, a glass optical waveguide is passivated
against hydrogen-induced loss by forming the waveguide
and, before hydrogen can react with low activation energy
defect sites, heating the waveguide in the presence of
deuterium (D) so that deuterium occupies the highly reactive
low energy sites rather than hydrogen (H). Because deute-
rium has greater mass than hydrogen, OD absorbs at longer
wavelengths than OH. Specifically, OD has very low absorp-
tion at the 1.55 and 1.31 micrometer wavelength regions of
interest.

Referring to the drawings, FIG. 1 is a block diagram of the
steps in a referred method for passivating a typical glass
optical fiber against hydrogen-induced loss increases. As
shown in block A of FIG. 1, the first step is to provide a
suitable preform for drawing optical fiber. In accordance
with conventional practice, the preform typically comprises
a composite glass rod having a central core region which can
be GeO, doped silica and a concentric outer cladding of
silica. For typical Er-doped fiber the core is doped with
about 14-18 mole % GeO,, about 1.0 mole % Al, O, and
100-2000 ppm of Er.

The next step, shown in block B, is drawing fiber from the
preform. The Er-doped fiber is typically drawn to a 2.54.5
micrometer core diameter in accordance with techniques
well known in the art.
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As shown in block C, the third step —which is also
conventional —is to coat the fiber with protective polymer.
Typical polymers are urethane-acrylate coatings. The coat-
ings are typically applied and cured with ultraviolet light as
the fiber is drawn in a continuous process.

The next step, shown in block D, is to dispose the fiber in
an atmosphere comprising deuterium and to subject it to
heat. This step preferably begins shortly after the fiber is
formed and before the fiber is used in a hydrogen-containing
environment. This step can be conveniently performed by
heating spooled, polymer-coated fiber in a deuterium-filled
oven. The preferred heating time for passivation depends on
the temperature, the partial pressure of deuterium, and the
application for which the fiber is intended. Preferred tem-
peratures are 140° C. or below in order to avoid damage to
the polymer coating, but with high temperature coatings,
temperatures up to about 200° C. can be used. Temperatures
in excess of 200° C. are not recommended as such tempera-
tures in GeO, doped waveguides will cause new types of
absorption losses (electronic). The preferred deuterium par-
tial pressure is less than 10 atmospheres and advantageously
is one atmosphere in order to avoid the use of expensive
pressure vessels; however, higher pressures up to 100 atm.
can be used if it is desired to minimize passivation time.
Applicants’ process, unlike the Freund *945 process, does
not require exposing the fiber to high intensity, short wave-
length light.

Table 1 below illustrates preferred treatment for fibers
expected to tolerate the indicated 1.55 micrometer loss for a
20 m fiber over a period of 25 years.

Operating Conditions Passivation Conditions
Tolerable Partial Treatment
Temperature, 1.55 um  Pressure Temper- Treatment
Partial Pressure H, Loss Change D, ature Time
75° C., Py, = 0.01 atm. 0.1 dB latm  125° C. 8 days
40° C., Py, = 0.01 atm 0.1 dB 1 atm 60° C. 12 hrs.
25° C., Py, = 0.01 atm 0.04 dB 1 atm 60° C. 17 hrs.

The same process with different passivation conditions
can be applied to optical transmission fibers. Such fibers are
typically drawn of preforms with GeO,-doped glass cores
and cladding layers composed of either undoped SiO, or
Si0, doped with some combination of E, GeO, and P,Og
dopants. Such fibers can also contain alkali species, (e.g.,
Na, Li, and K) which introduce reactive defect sites prone to
reacting with trace levels of H, impurities. These hydrogen
reactions cause OH overtone loss increases in the 1.41
micrometer region along with a long wavelength loss edge.
Experiments show that the reactive defect sites have a range
of activation energies. The sites with the lowest activation
energies are responsible for long term hydrogen-induced
loss increases. By pre-reacting these sites with deuterium, it
is possible to avoid further loss degradation at system
operating conditions. Moreover, by using D, instead of H,
for the passivation, the fiber can be passivated without
incurring any significant loss degradation in the 1.55
micrometer region.

Table II below illustrates preferred treatment for single
mode optical transmission fibers expected to tolerate loss
increases of no more than 0.002 dB/km at 1.55 micrometers
over a period of 25 years.
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Operating Conditions Passivation Conditions

Temperature, Partial Treatment Treatment
Partial Pressure H, Pressure D, Temperature Time

40° C., Py, = 0.001 atm. 1 atm 85° C. 7 days
25° C., Py, = 0.001 atm 1 atm 65° C. 7 days
10° C., Py, = 0.002 atm 1 atm 65° C. 3.5 days

FIG. 2 illustrates a typical transmission fiber, passivated
as described above, and shown with a stripped end 11
comprising a glass fiber 12 including a core region 13
surrounded by a cladding region 14. The fiber can be single
mode or multimode optical fiber, but is preferably a single
mode silica fiber typically having a core diameter on the
order of 6~10 ym micrometers and a surrounding cladding
a few tens of micrometers thick.

The unstripped fiber 15 comprises a cured polymer coat-
ing 16 which is preferably a dual coating comprising a
primary (inner) coating 17 and a secondary (outer coating)
18. The polymer coatings can be any one of a variety of
polymers including hydrocarbon polymers, polyethers,
polycarbonates, polyesters and silicones. The primary coat-
ing is advantageously formulated to provide a rubbery
texture whereas the secondary coating advantageously has a
more highly crosslinked, glassy texture.

When passivated by heating in deuterium as described
above, a fiber will be less sensitive to long-term hydrogen
induced loss increases that might otherwise occur if the fiber
were not passivated. While hydrogen can be used instead of
deuterium for passivating the fiber and preventing long-term
loss increases, this hydrogen passivation can cause loss
increases to occur during the passivation process. This can
be seen by reference to FIG. 3 which plots the loss increase
Aa with wavelength for both D,-treated fiber (curve 2) and
H,-treated fiber (curve 1). As can be seen, the D, treatment
essentially shifts the Aa curve toward the longer-wavelength
region, preventing passivation induced loss increases from
occurring in the 1.55 and 1.31 micron regions of interest.

Planar waveguide devices tend to be compact thin film
devices. Such devices can be treated by heating in a deute-
rium atmosphere in ovens, typically at temperatures in the
range 50° C. to 200° C.

All passivation conditions, both for Er fibers and for
transmission fibers, depend on anticipated operating condi-
tions. Increases in any of the system parameters of partial
pressure of hydrogen, temperature or operating time will
require more aggressive passivation conditions.

II. Hydrogen Passivation

As shown in FIG. 3 above, D, passivation is generally
superior to H, passivation. However, there are some condi-
tions in which H, can be substituted for D, in the passivation
processes described above. For example, in the fabrication
of short length fibers, such as Er amplifier fibers, fiber
stability is of primary concern, but not fiber loss. In such
instances, H, can be substituted for D, and the length of the
fiber can be adjusted to account for the loss increases that
can occur during the passivation anneal. Similar consider-
ations apply to planar waveguide structures, where the
waveguide path is typically short.

III. Theory Underlying Determination of
Passivation Conditions

In general it will be possible to passivate a waveguide if
the reactive sites have a distribution of activation energies.
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The existence of sites that range from being highly reactive
to very unreactive suggests that if it is possible to remove the
most reactive sites then the device’s subsequent reactivity
can be reduced to tolerable levels. In the following discus-
sion OH formation will be considered as a typical example
of a lossy defect that can affect fiber reliability. The OH
overtone is centered at about 1.4 um in silica fibers and can
influence losses at system wavelengths and at the 1.48 ym Er
amplifier pumping wavelength. Reactive defects can be
eliminated by reacting them with deuterium, which does not
cause vibrational losses at system wavelengths. In some
cases it may be possible to use H, to passivate fibers, as long
as small passivation induced losses are acceptable.

To understand how to determine appropriate conditions
for passivation, first consider defects within the distribution
that have a particular activation energy E. Assuming that the
rate of H, reaction at the defect site is proportional to the
concentration of unreacted defects of energy E and to the
concentration of H,, a simple analysis shows that the con-
centration of OH formed is given by:

@

where C, (E) is the initial concentration of reactive sites of
energy E, and where t(E) is a characteristic time constant
given by:

Con(By=Cy o E)N1-exp(-1/u(E))]

where k is Boltzmann’s constant, and V, has the character
of a vibrational frequency. Cp, is the molecular hydrogen
concentration at the fiber core expressed in ppm. The value
of Cy, can be calculated for a given time, temperature and
hydrogen pressure based on solubility data for H, (or D) in
silica by the relation:

CH2=P HZSHZ (3)

S, is the solubility for molecular hydrogen in silica, and is
readily available in the literature, as well as for deuterium.
Py, is the pressure of H, around the fiber.

Since there is a distribution of sites having different E’s,
the total concentration of OH at any time is given by:

oo -1 Ey [Ch]
Cou = f Nt BNt - exp[ﬁ]aﬂl‘? ~ f Nyo(EYE
JE-0 {E} JE=0

when N, (E) is a function that describes the concentration
density of reactive sites as a function of energy, and E is a
“demarcation” energy given by kT In(Cy, v,,1). The approxi-
mation in the second part of Eq. (4) is based on the fact that
defects with very high activation energies, E>E,, will have
negligible reactivity and will not contribute significantly to
the OH increases - i.c., at high E’s the value of 1-exp(-t/
©(E)) is approximately zero. At low E’s the expression
1-exp(~t/T(E)) will approach a value of 1.

In general one will not know a priori the nature of the
function N, (E) but even so it is apparent that as long as the
value of E, (i.e., KT In(Cy v,1) is constant one will get the
same value for C, .

To passivate a fiber one wishes to pre-react all reactive
defects: i.e., those with E’s less than some critical value
E.,;,- Once one has determined E_,,, it is possible to specify
the required time, C,, and temperature for passivation
based on the following expression:
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kT sl n[voCszaSStpaxx]=E crir ®

where the pass subscript refers to conditions to be used for
passivation. (The time t,,. is the time required for the
passivation reaction and does not account for the time
required to diffuse D, or H, from the outside of the fiber to
its core, as will be discussed later.)

To determine E_,;, one must rely on experimental data
obtained from accelerated testing, where one usually mea-
sure loss increases, at some wavelength of interest, in a fiber
or waveguide that is exposed to relatively high levels of H
» atelevated temperatures. By plotting C,p versus KT In(Cy,,
v,t) one can readily generate a “master” curve. Copy, T, Cpy
and t are all experimentally measured parameters. (For the
example of OH loss increases, the concentration, C,, can
be determined from the increase in the OH overtone absorp-
tion around 1.4 yum.) The value for v, is found in an iterative
manner such that experimental data obtained at different
conditions (e.g., different temperatures) all fall on a smooth
curve. FIGS. 4 and 5§ show such accelerated aging data for
a typical Er amplifier fiber and for an alkali containing single
mode transmission fiber, respectively. With such a “master”
curve in hand it is a simple matter to determine E_,,,. For
instance, one can use the “master” curve to determine OH
increases as a function of time for the Cp; and temperature
that will be characteristic of a real system. By plotting OH
versus time it is a simple matter to find the critical time, t_,;,
such that the incremental OH induced loss increase between

t..;; and t_ .+t _is less than the tolerable OH loss increase
dictated by system considerations. The value of E_,,, is then
given by

E_=kT,,, ln[VoCHZSyStcrit] ©

Any practical conditions of temperature, time and hydrogen
pressure that will satisty the following equation can be used
for passivation.

T, paxxln[VoCthpan]=E crit (@]

Given the temperature and D, pressure to be used for the
passivation, the required passivation time is given by

(8

P R sk
poss o
YoSD; Py s

It will sometimes be necessary to make small adjustments to
the anneal conditions so as to allow sufficient time for the D,
molecules to diffuse to the fiber core. The diffusion time can
be roughly estimated as

0.24° &)

fy N —
it o

where a is the fiber radius (frequently 62.5 um for standard
optical fibers (and Dp, is the diffusivity of deuterium (or
hydrogen) in silica, which is a well characterized value. The
total time required for the passivation anneal is then

(10)

Lannear=tpasstidifn

A more exact method to determine the total time needed for
the anneal is to solve the following equation for t_,, ;. as
shown in Eq. (11). However, for most practical applications
Eq. 10 will be somewhat easier to solve and will give a
reasonable estimate of the annealing time.
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As discussed earlier, the maximum temperature to be used
for passivation will often be dictated by the thermal degra-
dation of a fiber’s polymer coating, while the maximum
practical Cp, will be limited by the pressure handling
capability of a vessel used to hold the fiber or waveguide
during the passivation anneal.

Application of these principles can be understood by
consideration of the following examples.

EXAMPLE 1

Er Doped Fiber

For Er doped fiber, FIG. 4 plots OH loss increase at the
overtone peak (1.42 um) versus kT In (v,,Cg ). The value of
v, was determined to be 5x10°hr™*. For assumed system
conditions of 75° C., 0.01 atm H,, 25 years, and an assumed
tolerable 1.55um loss increase of 0.1 dB for a 20m fiber
length, the value of E_,;, is determined to be about 1.07 eV.
If the passivation temperature is chosen to be 125° C. and
the passivation is done in 1 atm of D, the required time
(1,45) can be calculated to be about 7.5 days. The diffusion
time, t;p, at this temperature is relatively short about 2
hours. The total anneal time is then about 7.6 days.

As shown in Eq. (8), the passivation time can be
decreased by increasing the passivation pressure, for
instance to 10 atm. t,, . is now 0.76 days, and t,g is
unchanged, resulting in a total anneal time of about 0.86 day.

For a system operating at 40° C., P52 =0.001 atm, for 25
years, with a tolerable 1.55 um loss increase of 0.1 dB for
a 20 m fiber length the value for E_,;, is found to be 0.76 e V.
(This is lower than the 1.07 ¢V value above due to the less
severe system conditions.) Again it is possible to choose any
conditions such that Eq. (7) is satisfied. For an anneal
temperature of 60° C. and a passivation pressure of 1 atm D,
the required passivation time, t,,,,, is 0.8 hours. The diffu-
sion time, tp,, however is significantly longer, about 20
hours as estimated using Eq. 10, resulting in t,,,,.,; of about
21 hours. A more exact estimate of t,,,,.,; using Eq. 11
specifies a 14 hour anneal.

As suggested by Eq. (8) if the deuterium pressure for
passivation was lowered by a factor of 10, to 0.1 atm, the
passivation reaction time would increase by a factor of 10,
to 8 hours. The diffusion time as estimated by Eq. (10) is
unchanged, resulting in an anneal time of 28 hours.

EXAMPLE 2

Alkali Containing Transmission Fibers

FIG. § shows a master curve for alkali containing single
mode fibers whose cores contain about 3% GeO,, and with
cladding doped with P,O and F. The value of v, is 10% hr™*
for this type of fiber. For system conditions of 40° C., 0.001
atm H,, and a system lifetime of 25 years, and a tolerable
loss increase of 0.002 dB/km at 1.55 um, the required value
of ECt is 0.85 eV. If the passivation is to be done in 1 atm
of D, at a temperature of 85° C., the required time for the
reaction, t is 6.6 days. The diffusion time, t,4, is 7.5

> “pass?

hours, resulting a total anneal time of about 7 days.

For system conditions of 25° C., 0.001 atm H,, and a
system lifetime of 25 years, and a tolerable loss increase of
0.002 dB/km at 1.55 um, the required value of E _,;, is 0.808

crit
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eV. If the passivation is to be done in 1 atm of D, at a
temperature of 65° C., the required time for the reaction,
thuss> 18 6.2 days. The diffusion time, t;p, is 16 hours,
resulting in a total anneal time of about 7 days.

It is understood that the above-described embodiments are
merely illustrative of a few of the many possible specific
embodiments which can represent applications of the prin-
ciples of the invention. Numerous and varied other arrange-
ments can be readily devised in accordance with these
principles by those skilled in the art without departing from
the spirit and scope of the invention.

What is claimed is:

1. A method of making a glass optical waveguide resistant
to hydrogen-induced losses for use in a hydrogen-containing
environment comprising the steps of:

forming said glass optical waveguide, said waveguide
having sites prone to react with hydrogen (H,) and
form hydroxy (OH) radicals; and

before said waveguide is used in said hydrogen-
containing environment, disposing said waveguide in a
deuterium-containing environment containing deute-
rium at a partial pressure of 10 atmospheres or less and
heating said waveguide to a temperature in the range
50° C. to 200° C. for a time so that deutedum occupies
a sufficient portion of said sites to inhibit the formation
of hydroxy (OH) radicals and render said waveguide
resistant to hydrogen-induced losses, such that a 20 m
length of said waveguide is calculated to incur over a
period of 25 years in said hydrogen-containing envi-
ronment a loss change of less than 0.1 dB at the 1.55
micrometer wavelength, wherein said step of disposing
said waveguide in a deuterium-containing environment
to render said waveguide resistant to hydrogen-induced
losses is performed in the absence of UV treatment.

2. The method of claim 1, in which the time for disposing
said waveguide in a deutehnum-containing environment is
less than 12 hours.

3. The method of claim 1, in which the step of disposing
said waveguide in a deuterium-containing environment to
render said waveguide resistant to hydrogen-induced losses
is performed for a time such that said waveguide is calcu-
lated to incur over a period of 25 years in said hydrogen-
containing environment a loss change of less than 0.04 dB
at the 1.55 micrometer wavelength.

4. The method of claim 1, in which the waveguide
comprises a GeO, doped silica waveguide.

5. The method of claim 1, in which the step of disposing
said waveguide in a deuterium-containing environment to
render said waveguide resistant to hydrogen-induced losses
is performed at a temperature of 50 to 140° C.

6. The method of claim 5, in which the step of disposing
said waveguide in a deuterium-containing environment is
performed for a time such that said waveguide is calculated
to incur over a period of 25 years in said hydrogen-
containing environment a loss change of less than 0.002 dB
at the 1.55 micrometer wavelength.

7. A method of making an optical fiber amplifier resistant
to hydrogen-induced losses for use in a hydrogen-containing
environment comprising the steps of:

forming said glass optical fiber amplifier, said amplifier

having sites prone to react with hydrogen (H,) and
form hydroxy (OH) radicals; and

before said amplifier is used in said hydrogen-containing

environment, disposing said fiber amplifier in a
deuterium-containing environment containing deute-
rium at a partial pressure of atmospheres or less and



US 6,499,318 B1

9

heating said fiber amplifier to a temperature in the
range 50° C. to 140° C. for a time so that deuterium
occupies a sufficient portion of said sites to inhibit the
formation of hydroxy (OH) radicals and render said
waveguide resistant to hydrogen-induced losses, such
that a 20 m length of said fiber amplifier is calculated
to incur over a period of 25 years in said hydrogen-
containing environment a loss change of less than 0.1
dB at the 1.55 micrometer wavelength,

wherein said step of disposing said waveguide in a
deuterium-containing environment to render said
waveguide resistant to hydrogen-induced losses is per-
formed in the absence of UV treatment.

8. Amethod of making a glass optical waveguide resistant

to hydrogen-induced losses for use in a hydrogen-containing
environment, the method comprising the steps of:

forming said glass optical waveguide, said waveguide
having sites prone to react with hydrogen and form
hydroxy radicals; and

before said waveguide is used in said hydrogen-
containing environment, disposing said waveguide in a
deuterium-containing environment containing deute-
rium at a partial pressure of 10 atmospheres or less and
heating said waveguide at a temperature in the range
50° C. to 200° C. for a time period in the range of ten
hours to eight days to render said waveguide resistant
to hydrogen-induced losses,

wherein said step of disposing said waveguide in a
deuterium-containing environment to render said
waveguide resistant to hydrogen-induced losses is per-
formed in the absence of UV treatment.
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9. The method of claim 8, in which the pressure is about
1 atmosphere or less, the temperature is about 140° C. or
less, and the time period is in the range from about 12 to 17
hours.

10. A method of making a glass optical waveguide resis-
tant to hydrogen-induced losses for use in a hydrogen-
containing environment, the method comprising the steps of:

forming said glass optical waveguide, said waveguide
having sites prone to react with hydrogen and form
hydroxy radicals; and

before said waveguide is used in said hydrogen-
containing environment, disposing said waveguide in a
deuterium-containing environment containing deute-
rium at a partial pressure of 10 atmospheres or less and
heating said waveguide at a temperature in the range
50° C. to 200° C. for a time period to pre-react said sites
and render said waveguide resistant to hydrogen-
induced losses, the time period being determined as a
function of the vibrational frequency, the temperature,
the solubility of molecular deuterium in silica, the
pressure of deuterium, Boltzmann’s constant, the acti-
vation energy of the sites prone to react with hydrogen,
the fiber radius, and the diffusivity of deuterium in
silica,

wherein said step of disposing said waveguide in a
deuterium-containing environment to render said
waveguide resistant to hydrogen-induced losses is per-
formed in the absence of UV treatment.



